Chemical vapor deposition (CVD) method has proven its benchmark, over other methods, for the production of different types of carbon nanotubes (CNT) on commercial and lab scale. In this study, an injection vertical CVD reactor fitted with an ultrasonic atomization head was used in a pilot-plant scale (height 274 cm, radius 25 cm) for semicontinuous production of multiwall carbon nanotubes (MWCNTs). p-Xylene was used as a hydrocarbon precursor in which ferrocene was dissolved and provided the cracking catalyst. Atomization of the feed solution resulted in full and even dispersion of the catalytic solution. This dispersion led to the production of high aspect ratio MWCNTs (ranging from 8,000 to 12,000) at 850 ∘ C. Different experimental parameters affecting the quality and quantity of the produced CNTs were investigated. These included temperature, reaction time, and flow rate of the reaction and carrier gases. Different properties of the produced CNTs were characterized using SEM and TEM, while TGA was used to evaluate their purity. Specific surface area of selected samples was calculated by BET.
Introduction
Over the last decade, many studies have been conducted on the production of carbon nanotubes (CNT). Different routes and precursors have yielded a variety of carbon nanomaterials [1, 2] . By tuning reaction parameters, one can produce single wall carbon nanotubes (SWCNTs) or multiwall carbon nanotubes (MWCNTs) [3] . CNTs have a wide range of applications due to their novel properties. Uses include food production, clothes, pharmaceuticals, electronics, sensors, purification [4] , cleaning products [5] , and improving the mechanical properties of other materials [6] . The convenient production and applications of CNTs on a large scale, however, have not been reported, apparently because of the challenges in production, purification, and dispersion [1] . CNTs are produced by unique and miscellaneous techniques, such as arc discharge, laser ablation, and chemical vapor deposition (CVD). However, among all methods, mass production of CNTs can be most easily achieved by CVD. This technique can be scaled up and is widely used as a commercial process [7] [8] [9] .
Lower carbon molecules, when used with ferrocene as a catalyst in a CVD reactor, produce SWCNTs [10] [11] [12] , whereas by using the same catalyst with higher carbon molecules (e.g., toluene, p-xylene, or n-hexane) MWCNTs can be produced [1, 13, 14] . Iron (Fe), cobalt (Co), and nickel (Ni) are well known efficient catalysts for CNTs synthesis in CVD reactors [15] . However, these metals cannot be used directly in the reactor. They first need to be prepared in the form of compounds or mixtures, where they decompose to generate active sites for the reactants. For example, Yang et al. (2014) produced MWCNTs using CoMgO and CoMnMgO catalyst compounds, when feeding methane as the carbon source in a horizontal CVD reactor [16] . These types of catalyst compounds are very efficient in some cases, but their preparation is time consuming and requires sophisticated techniques.
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Therefore, the use of such catalysts could be a challenging step in mass production to commercialize the process. The potential applications of aligned and high aspect ratio MWCNTs cover the areas of water purification [4] , mechanical strength enhancer [6] , electronic equipment [17] , and thermal conductors [18, 19] .
By selecting the appropriate catalyst-substrate pair, one can produce CNTs of different types, such as horizontally/ vertically aligned, short/long, and crystalline/amorphous structures [5, 13, 20] . Moreover, in most previous studies, CNTs were produced on a small area of substrate, which could be made of silica, alumina, zeolite, or quartz. These types of substrates limit the synthesis of CNTs [21] [22] [23] [24] . reported that only 1.0 g/h of CNTs could be obtained on a flat substrate of quartz plate [25] . Craddock and Weisenberger (2015) proposed a scheme in which walls of the reactor lead to substrate-free method for production of CNTs [14] . Thus, in this work a quartz wall of an injection vertical CVD (IVCVD) reactor has been used as a substrate-free system for CNT synthesis. Although commercial production of CNT is run in CVD fluidized bed reactors, these reactors require continuous control of critical parameters [26, 27] . In contrast, our vertical CVD system is superior as it does not require the control of any fluidization parameters. Another advantage of our proposed reactor is that because it does not require maintenance of a certain fluidization velocity, it can be operated at low pressures [28] . Barreiro et al. (2006) used HiPco process for production of SWCNTs by using ferrocene. But this process required a pressure of 5 bar for cracking of ferrocene [29] .
This study was aimed at furthering the goal of commercializing high aspect ratio MWCNTs production by minimizing the gap between scientific research and industrial development. An injection vertical chemical vapor deposition reactor (IVCVD) is used, in which a cocurrent, downward feed stream is introduced from the top of the reactor along with H 2 and Ar gases. p-Xylene (B.P. 138.5 ∘ C) is used as a carbon source and ferrocene (B.P. 249 ∘ C) as the catalyst. Ferrocene is relatively safe and more economically feasible as compared to other organometallic catalytic compounds. It decomposes at a temperature of 600 ∘ C [30] . And if large scale CNTs production is required, ferrocene is preferred over other organometallic compounds such as nickelocene [31] .
Different properties of produced CNTs, specifically diameters and aspect ratios, are not only governed by the precursor and catalyst combination. Other parameters, such as reaction temperature, hydrogen (reaction gas) composition, and reaction time also affect the properties of the produced CNTs [13] . In this study, the role of these parameters is investigated by characterizing produced MWCNTs using scanning electron microscopy (SEM), transmission electron microscopy (TEM), thermogravimetric analysis (TGA), and Brunauer, Emmett, and Teller (BET) analysis.
Experimental
2.1. The Injection Vertical CVD Reactor System. The experimental setup used to synthesize MWCNTs is shown in Figure 1 . The raw materials p-xylene (C 8 H 10 , 96-99% purity) and ferrocene ((C 5 H 5 ) 2 Fe, 96-99% purity) were purchased from Sigma-Aldrich Co. LLC and Honeywell Riedel-de Haen International Inc. and were used without further purification. Ultrasonic atomizer system (20 kHz, type 6061, and model WS20K50S316) was purchased from Sonaer Ultrasonics, New York. Hydrogen and argon gases were purchased from a local supplier.
The reactor was heated in an argon gas environment by using an electric furnace to obtain the required reaction temperature. A 1% wt. solution of ferrocene in p-xylene was prepared and transferred to a 50 mL syringe. The syringe was set on a syringe pump to inject feed solutions at different flow rates.
An ultrasonic atomization system (consisting of frequency generator, transducer, and spray nozzle) was installed at the top head of the vertical CVD reactor. The detailed parts of the wide spray atomizer nozzle are shown in Figure 2 . The ultrasonic atomizer was operated at the maximum frequency of 20 kHz, to obtain the smallest possible droplet size. The feed solution passed through the wide spray atomizer nozzle and spread inside the reactor in an umbrella-shaped profile ( Figure 3 ). The nozzle tip had a specific angle portion which made a wide range dispersion of droplets. This injection system created evenly distributed feed particles inside the quartz reactor. Up to our knowledge, this type of feed injection system was not used before for CNTs production on this scale. Previously this type of system was used for cracking of higher hydrocarbons to lower hydrocarbons [32] .
Argon, the carrier gas (CG), took the atomized feed solution from the preheating zone to the reaction zone of the reactor. H 2 was introduced into the reactor from the top when deposition of the feed solution on the quartz wall of reactor was observed. CNTs started forming due to thermal cracking of p-xylene and ferrocene and deposited on the wall of the vertical CVD reactor. The hydrogen gas was stopped after complete injection of the feed solution and the system was cooled down to room temperature in an Ar atmosphere. The synthesized CNTs were scrapped from the wall and collected from the bottom of the reactor.
Parameters Affecting the Properties of Produced CNTs.
Three parameters that can affect the amount and properties of produced CNTs were investigated in this study: different flow rates of hydrogen gas, reaction temperature, and reaction time. A range of each parameter was chosen based on literature and our preliminary experiments as discussed in the Results and Discussion. Each parameter was varied keeping the other two parameters at mid values. Hydrogen flow rates ranged from 1 to 4 L/min, temperatures ranged from 750 to 950 ∘ C, and reaction times ranged from 30 to 60 min. After each run, the collected CNTs were weighed and the percentage yield for each run was calculated using fraction conversion as follows:
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Characterization of Produced CNTs.
The synthesized MWCNTs were characterized by SEM, TEM, TGA, and BET. SEM analysis was performed using a field emission scanning electron microscope (TESCAN MIRA 3 FEG-SEM) which provided the structure and alignments of CNTs. Length of CNTs bundles and aspect ratios at different reaction conditions were also calculated based on the SEM analysis. TEM analysis was performed using a field emission electron microscope (JEM-2100F) which provided information about single MWCNTs patterns, number of walls, space between walls, catalyst shape, and location of catalyst particles inside MWCNTs. Surface area of produced MWCNTs was measured by a surface area analyzer (Micromeritics, Norcross, GA, USA) in a Nitrogen atmosphere with a 15-point BET at 77 ∘ K. A thermogravimetric analyzer (K.U. Leuven SDT, Q600) was used to evaluate the purity of produced CNTs. Purity of CNTs is described as the nonash content present in the sample of CNT. Nonash content in the samples is iron (catalyst) which can usually be removed by acid treatment. However, in this study we characterized as-synthesized MWCNTs to study unmodified properties of the product. In all TGA runs a 5 mg sample was oxidized in air. The temperature was ranged from 50 to 750 ∘ C at a heating rate of 10 ∘ C/min to cover the MWCNTs oxidation range. Figure 4 shows the data obtained by varying H 2 and Ar flow rates in a way that the total flow rates of both gases will be kept at 4.0 L/min. Thus, increasing hydrogen flow rate will result in decreasing the argon flow rate. Temperature and reaction time of the system were kept constant at 850 ∘ C and 30 min, respectively (determined from preliminary experiments and further confirmed in Sections 3.2 and 3.3). CNTs yield increases by increasing H 2 flow rate until it reaches a maximum value of 7.4% at 3 L/min. A further increase in H 2 flow rate does not materially affect the yield. Increase in yield from lower flow rates to higher flow rates is due to the reducing nature of H 2 .
Results and Discussion

Crucial Role of Reaction Gas (H 2 ).
p-Xylene (C 8 H 10 ) and ferrocene (C 10 H 10 Fe) crack to form atomic carbon and iron in the presence of a reducing agent. Hence the concentration of H 2 in the reactor accelerates CNTs formation [33, 34] . However, if the H 2 concentration reaches to its saturation point, then further increase in H 2 will result in the deceleration of CNTs formation.
In our system, the saturation of H 2 was reached at 3.0 L/ min and maximum yield was obtained at this point. Then further increase in hydrogen flow rate did not enhance the yield but rather it started decreasing. This is because, at higher concentrations, hydrogen started reacting with carbon to produce lower hydrocarbons which caused low yields of CNTs. It was observed from SEM images that although the yield decreased at 4.0 L/min flow rate of H 2 as compared to the yield at 3.0 L/min, well aligned and large bundles of carbon nanotubes were obtained at 4.0 L/min that were not present at other conditions ( Figure 5) .
The raw MWCNTs samples that were obtained at higher H 2 flow rates (3, 3.5, and 4 L/min) were analyzed through thermogravimetric analysis (TGA). Results are shown in Figure 6 . The figure shows a sharp decrease in weight loss of CNTs that occurred in the range 500-600 ∘ C. Further increase in temperature removed all carbon from samples and about 4% residue remained after complete oxidation. This 96% pure MWCNTs could be attributed to the ideal ratio of ferrocene to p-xylene, and perfect dispersion of the feed solution into the reactor by using the ultrasonic atomized technology.
Optimizing the Reaction Temperature.
Reaction temperature plays a very important role in CNTs morphology and yield, as it controls the catalyst particle size, which in turn controls the diameter and aspect ratio of produced CNTs. Ferrocene (the catalyst) is an organometallic compound which produces Fe particles by thermal cracking at 600 ∘ C [30] . After decomposition, Fe particles agglomerate due to intramolecular forces. In this study temperature was varied from 750 to 950 ∘ C, which is higher than the decomposition temperature of ferrocene. Kinetic studies at atomic level illustrated the idea of diffusion by collision. This means that at high temperatures molecules will collide frequently to form larger particles than those formed at lower temperatures. Hence, the diameter of MWCNTs should increase at higher temperatures as described by different authors [30, 34, 35] .
The reaction temperature was varied from 750 to 950 ∘ C while keeping all other conditions constant: flow rates of H 2 and Ar at 3 and 1 L/min, respectively, and time of reaction at 30 min. As shown in Figure 7 the yield increased from 2.3% at 750 ∘ C to 7% at 850 ∘ C. A further increase in temperature to 950 ∘ C decreased the yield to 5.8%. SEM analysis of produced MWCNTs indicated that, at 750 ∘ C, CNT contained some unreacted particles (Figures 8(a)  and 8(b) ). These unreacted particles were not present when the temperature was raised to 850 ∘ C (Figures 8(c) and 8(d) ), and clear aligned structure of MWCNTs appeared. At temperatures of 900 ∘ C and above, the alignment of MWCNTs bundles started disappearing and eventually at 950 ∘ C the aligned bundles converted to random tubes as shown in (Figures 8(e)  and 8(f) ).
The diameters of MWCNTs, which were synthesized at different temperatures (i.e., 750, 800, 850, 900, and 950 ∘ C), were measured by SEM at three different locations. The data obtained are shown in Figure 9 .
Temperature plays an important role in controlling the shape and size of catalyst particles which eventually controls the diameter of CNTs [36] . The MWCNTs we synthesized showed that there was a large difference in the diameter range of MWCNTs at 750, 800, and 850 ∘ C, and this range narrows [24] found the diameter of Fe particles at 850 ∘ C and 950 ∘ C as 90 ± 20 nm and 150 ± 40 nm, respectively. However, we found that the diameters of MWCNTs which were synthesized at 850 ∘ C and 950 ∘ C were 55 ± 15 and 50 ± 10 nm, respectively. These results indicated that we obtained smaller diameter MWCNTs and hence smaller diameters of catalyst particles than those which were mentioned in literature. These small diameter MWCNTs which we synthesized resulted from the full dispersed feed solution particles inside the reactor.
TEM analysis was run for the sample which was obtained at 850 ∘ C, where the highest yields of MWCNTs were obtained ( Figure 10 ). Catalyst particles on the tip of the MWCNTs indicated that CNTs were formed due to a tip growth mechanism (Figure 10(a) ). Multilayers of walls of carbon over catalyst particles are visible in Figure 10(b) . MWCNTs which were collected at various reaction temperatures were analyzed by TGA (Figure 11 ). The oxidation curves obtained for reaction temperatures between 750 and 900 ∘ C show similar weight loss trends. About 94 ± 2% pure MWCNTs were recorded. Oxidation of these samples started at 500 ∘ C until all the carbon present in the samples burned out at 630 ∘ C, leaving the residue behind (which is Fe in our case). However, the MWCNTs synthesized at high temperature (950 ∘ C) exhibited a different oxidation trend. Purity analysis of this sample indicated that 25% impurity was present in the sample. Moreover, oxidation started at a lower temperature, 370 ∘ C as compared to 500 ∘ C. As described earlier, at high temperature catalyst particles start to sinter and they lose their active sites which are necessary to form the CNTs. Therefore, these inactive catalyst particles, when heated during TGA, absorbed heat and acted as an inside heating source for MWCNTs [36] . This phenomenon caused earlier oxidation of MWCNTs. The sintered and agglomerated particles can be seen in SEM images (Figures 8(e) and 8(f)).
Reaction Time Effect.
A fixed amount of 50 mL of catalytic feed solution was injected in the quartz reactor through the atomizer and its flow rate was controlled by the syringe pump as shown in Figure 1 . Therefore by selecting different appropriate flow rates, various reaction times were obtained. MWCNTs were synthesized at different reaction times 30, 45, and 60 minutes by keeping the reaction temperature constant at 850 ∘ C, and flow rates of H 2 and Ar gases at 3 and 1 L/min, respectively. The obtained yields were 7.1, 7.3, and 7.5% for 30, 45, and 60 min, respectively, as shown in Figure 12 . It can be seen that, by increasing the reaction time, the yield increased somehow, but the increase was not so prominent that it could make a decisive difference in favor of selecting a higher reaction time as an optimum condition. In our vertical CVD reactor, an ultrasonic atomizing system was used which had a dual function, namely, to create the smallest possible droplet size of the feed solution without changing its composition and to disperse the feed solution evenly inside the reactor. Because of these two unique properties, when the reaction time of the feed solution was varied no significant changes in the MWCNTs yield were observed. This is in contrast to other CVD reactors, in which fluidized beds or floating catalyst techniques have been used and yields were affected by varying the reaction time [37] .
Results obtained by TGA analysis of the MWCNTs produced from the three reaction times are shown in Figure 13 . Complete oxidation of MWCNTs resulted in a weight loss of carbon. On the basis of the weight loss of the carbon content, we found that more than 96% pure MWCNTs were produced for all three reaction times, with no significant difference in purity between the three times. Therefore, it is logical to select a minimum reaction time as an optimum condition for MWCNTs production.
General Features of Synthesized MWCNTs.
The specific surface area (SSA) for different samples was calculated using multipoint BET analysis. The result indicated that SSA of MWCNTs varied between 50 and 90 m 2 /g. High aspect ratio MWCNTs were obtained at 800 ∘ C and 850 ∘ C by using ferrocene and p-xylene. The H 2 to Ar ratio was kept constant at 3 : 1. Under these conditions, the length of the produced flakes was found to vary between 150 and 238 m with a diameter range of 33-78 nm. Pint et al. (2008) [38] explained this phenomenon of "flying carpet flakes" formation. According to their study, Fe 2 O 3 produces metallic iron in the reducing environment, such as H 2 , which is responsible for flake formation. In our work we used ferrocene for the Fe catalyst particles, which is more receptive to reduction in the presence of H 2 than Fe 2 O 3 . We obtained very high aspect ratios (length/diameter) CNT flakes ranging from 8,000 to 12,000 (Figures 14(a) and 14(b) ).
In order to investigate the effect of the reducing agent, we used only H 2 at a high flow rate without any carrier gas (Ar), which was used in all previous experiments. In this way H 2 behaved like a reducing agent as well as the carrier gas. CNTs obtained showed larger bundles of MWCNTs that were varying up to a few millimeters in length (Figure 14(c) ). These types of aligned and large bundles of MWCNTs were not obtained in the previous experiments. Furthermore, aligned and large bundles of MWCNTs are preferred in those applications where high mechanical strength is required [6, 39] .
Conclusions
Atomization of the feed solution to the CVD reactor using an ultrasonic atomizer produced an umbrella-shaped feed profile. This feed profile resulted in even dispersion of the Journal of Nanomaterials feed solution and better utilization of the catalyst. This led to the production of high purity (96%) free ash MWCNTs with catalyst particles oriented at the tip of produced MWCNTs as observed from TEM images. High yields were obtained at an optimized temperature of 850 ∘ C resulting in MWCNTs with aspect ratios up to 12,000. Increasing the reducing agent (H 2 ) flow rate increased the yield, while using pure H 2 resulted in high length MWCNTs bundles up to 1.7 mm. Changing the reaction time did not have a pronounced effect on the yield or purity of the produced CNTs. The study presented a CVD reactor system that can be easily controlled to produce MWCNTs with a wide range of properties compared to fluidized beds or floating catalyst techniques that are relatively difficult to control. The introduced system could be an initial stage in mass production of customized MWCNTs for specified applications such as those requiring special mechanical properties.
